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$EVWUDFW 
$SDUWPHQWEXLOGLQJVKDYHHYROYHGWREHVHOIVXIILFLHQWIRURFFXSDQWV7KXVHQHUJ\XVHLVLQGLYLGXDOO\
FRQWUROOHGLQDSDUWPHQWXQLWVZKLFKFDQEHFRQVLGHUHGDVLQGHSHQGHQWWKHUPDO]RQHVZLWKLQEXLOGLQJV
+RZHYHUWKLVKDVEHHQGLVUHJDUGHGLQFRQYHQWLRQDOHQHUJ\PRGHOOLQJZKLFKLVPDLQO\DSSOLFDEOHIRU
UHGXFLQJ HQHUJ\ GHPDQGV RI EXLOGLQJV ZLWK VWDQGDUGLVHG FRQGLWLRQV UDWKHU WKDQ UHIOHFWLQJ DFWXDO
FRQVXPSWLRQ7KLVDSSURDFKKDVEHHQTXHVWLRQHGGXHWRWKHKLJKOHYHOVRIXQFHUWDLQW\IRUPHGZLWKUHDO
EXLOGLQJV ,Q WKLV VWXG\ D PRGHO FRQVLGHULQJ RFFXSDQW UDQGRP EHKDYLRXU FRQVXPLQJ KHDWLQJ DQG
HOHFWULFLW\LVGHYHORSHGWRUHIOHFWYDULDWLRQVLQDFWXDOHQHUJ\FRQVXPSWLRQLQDSDUWPHQWV0RUHRYHUWKH
HIIHFWVRIYDULRXVSDUDPHWHUVRIRFFXSDQWEHKDYLRXULQUHODWLRQWRWKHPRGHOZHUHH[DPLQHG,QWRWDO
DSDUWPHQWEORFNVLQ6HRXOZHUHXVHGDVVDPSOHV*DXVVLDQ3URFHVV&ODVVLILFDWLRQZDVDSSOLHGWRPRGLI\
RFFXSDQWUDQGRPEHKDYLRXUVFRUUHVSRQGLQJWRWKHSUREDELOLW\RIHQHUJ\FRQVXPSWLRQ  $VDUHVXOWLW
KDVEHHQIRXQGWKDWRFFXSDQWV¶JHQHUDOKHDWLQJFRQWUROVGHYLDWLRQDUHEHWZHHQWKUHHDQGHLJKW
KRXUV ZLWK  ±  & VHW WHPSHUDWXUHV 0RUHRYHU WKH RSHUDWLQJ KRXUV RI HOHFWULF DSSOLDQFHV DQG
OLJKWLQJDUHDOVRDSSUR[LPDWHGZLWKWKHSUREDELOLWLHV7KLVPHWKRGRORJ\FRXOGUHGXFHXQFHUWDLQWLHVLQ
EXLOGLQJVLPXODWLRQVDQGSURYLGHDEURDGHUDSSOLFDWLRQLQEXLOGLQJVZLWKVLPLODUGHYHORSPHQWVWDJHV 
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1. ,QWURGXFWLRQ 
$SDUWPHQWEXLOGLQJVDUHRQHRIWKHPRVWFRPPRQW\SHVRIKRXVLQJLQ$VLD<XHQ7KHLUKLJK
FDSDFLW\ RI DFFRPPRGDWLQJ D ODUJH QXPEHU RI UHVLGHQWV KDV DWWUDFWHG WKH IDVW JURZQ DQG JURZLQJ
FRXQWULHV VXFK DV &KLQD 6RXWK .RUHD +RQJ .RQJ DQG 6LQJDSRUH <XHQ  2QH RI WKH
UHSUHVHQWDWLYHFRXQWULHVIRUDJUHDWQXPEHURIDSDUWPHQWFRQVWUXFWLRQ6RXWK.RUHDH[SHULHQFHGJUHDW
HFRQRPLF JURZWK LQ WKH V DQG WKH FRXQWU\ EHFDPH UDSLGO\ XUEDQLVHG &KXQJ  7KLV
XUEDQLVDWLRQ DOVR UHVXOWHG LQ D GUDPDWLFDOO\ LQFUHDVHG XUEDQ SRSXODWLRQ &KXQJ $SDUWPHQW
EXLOGLQJVZHUHLQWURGXFHGWRDFFRPPRGDWHWKLVLQFUHDVHGVL]HRIWKHXUEDQSRSXODWLRQSDUWLFXODUO\IRU
WKH ZRUNLQJ FODVV /LP  +RZHYHU WKH PDLQ WDUJHW IRU DSDUWPHQW EXLOGLQJV ZDV JUDGXDOO\
WUDQVIHUUHGIURPWKHZRUNLQJFODVVWRWKH³QHZ´PLGGOHFODVVWKDWUDSLGO\JUHZGXULQJWKHHFRQRPLF
JURZWK LQ WKHV DQGV /HWW 7KLV WUDQVIHUPHDQW WKDW OLYLQJ LQ DSDUWPHQWEXLOGLQJV
EHFDPH D UHSUHVHQWDWLYH RI ULVLQJ VRFLDO VWDWXV *HOp]HDX  )RU WKLV UHDVRQ WKH SURSRUWLRQ RI
KRXVLQJWKDWZHUHDSDUWPHQWEXLOGLQJVZDVPXFKJUHDWHU6WDWLVWLFV.RUHDD6HRXOZDVRQHRI
WKHPDLQFHQWUHVLQWKLVVLJQLILFDQWWUDQVIRUPDWLRQ,QWKHVDQGVDQGRIQDWLRQDO
DSDUWPHQW FRQVWUXFWLRQZDV FRQFHQWUDWHG LQ6HRXO UHVSHFWLYHO\ 6WDWLVWLFV.RUHDD7KH\ VWLOO
FRPSULVHGDERXWRIKRXVLQJLQWKHFLW\.LP  
,PSURYLQJWKHUPDOSHUIRUPDQFHLQH[LVWLQJEXLOGLQJVKDVEHHQGLVFXVVHGLQPDQ\FRXQWULHV2X\DQJHW
DODVFDUERQHPLVVLRQVLVDQLQWHUQDWLRQDOLVVXH5HIXUELVKLQJROGH[LVWLQJDSDUWPHQWEXLOGLQJV
KDVEHHQLPSRUWDQWO\LQYHVWLJDWHGLQ$VLDQFRXQWULHVVXFKDV<XHQHWDO2X\DQJHWDO
,Q6RXWK.RUHDDSDUWPHQWEXLOGLQJVEXLOWLQWKHVDQGVKDYHEHHQKLJKOLJKWHGGXHWRWKHLU
ODUJHSRSXODWLRQDVZHOODVKLJKHQHUJ\FRQVXPSWLRQ.LPLQDFFRUGDQFHZLWKWKHLQWHQVLILHG
EXLOGLQJWKHUPDOUHJXODWLRQV.LPHWDO([LVWLQJOLWHUDWXUH.LPHWDO/HH6RQJ
6RQHWDO.LPHWDO5RKKDVIRFXVHGRQUHGXFLQJWKHHQHUJ\GHPDQGRI
DSDUWPHQWEXLOGLQJVLQVWDQGDUGLVHGFRQGLWLRQVGHILQHGE\WKH(QHUJ\3HUIRUPDQFH,QGH[0LQLVWU\RI
/DQG,QIUDVWUXFWXUHDQG7UDQVSRUWDDQG%XLOGLQJ(QHUJ\(IILFLHQF\5DWLQJ6\VWHP0LQLVWU\RI
/DQG,QIUDVWUXFWXUHDQG7UDQVSRUWE7KHVHVWDQGDUGVKDYHSURYLGHGGHWHUPLQLVWLFFRQGLWLRQVWR
LGHQWLI\ FKDQJHV LQ WKH HQHUJ\ GHPDQGV RI EXLOGLQJV 7KXV WKH\ KDYH EHHQ XVHG WR YHULI\ HQHUJ\
HIILFLHQF\ LQ EXLOGLQJV DQG JXLGH EXLOGLQJV WR LPSURYH WKHLU HQHUJ\ SHUIRUPDQFH +RZHYHU WKLV
DSSURDFKKDVEHHQTXHVWLRQHGLQLWVUHODWLRQRIUHDOVLWXDWLRQV0DQ\VWXGLHVSRLQWHGRXWWKHOLPLWDWLRQV
DQGXQFHUWDLQWLHVFRQWDLQHGLQWKHVWDQGDUGFRQGLWLRQVRIEXLOGLQJVXVHGLQH[LVWLQJOLWHUDWXUH5\DQ	
6DQTXLVW2QHRIGLIILFXOWLHVLQUHIXUELVKLQJH[LVWLQJEXLOGLQJVLVWKHODFNRILQWHUDFWLRQZLWKWKH
RFFXSDQWV*KRODPLHWDO 
$SDUWPHQWEXLOGLQJVKDYHHYROYHG WREHVHOIVXIILFLHQW IRURFFXSDQWVGHVSLWH WKHXQLILHG IHDWXUHVRI
EXLOGLQJV *HOp]HDX 7KH XVDJH RI KHDWLQJ DQG HOHFWULFLW\ LV LQGLYLGXDOO\ FRQWUROOHG LQ HDFK
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DSDUWPHQWXQLWZKLFKFDQEHFRQVLGHUHGDVDQLQGHSHQGHQWWKHUPDO]RQHLQWKHVHEXLOGLQJV7KHUHIRUH
HQHUJ\ FRQVXPSWLRQ LQ DSDUWPHQW EXLOGLQJV FDQ VLJQLILFDQWO\ YDU\ %HVLGHV VRPH HPSLULFDO GDWD LQ
H[LVWLQJVWXGLHV.DQJHWDO/HHHWDOVKRZHGYDULDWLRQLQDFWXDOHQHUJ\FRQVXPSWLRQLQ
DSDUWPHQWEXLOGLQJVGHVSLWHWKHVLPLODUWKHUPDOFRQGLWLRQV+RZHYHUHQHUJ\PRGHOVZLWKVWDQGDUGLVHG
FRQGLWLRQVLQWKHH[LVWLQJOLWHUDWXUHDUHQRWIOH[LEOHHQRXJKWRWDNHLQWRDFFRXQWWKHSRVVLEOHYDULDWLRQV
LQHQHUJ\FRQVXPSWLRQ)XUWKHUPRUH WKHUHVXOWVZRXOGFRQWDLQDKLJKDPRXQWRIXQFHUWDLQW\GXH WR
UDQGRPEHKDYLRXUVRIHQHUJ\FRQVXPSWLRQ   
([LVWLQJ ILHOG VWXGLHV KDYH LQGLFDWHG KRZ PXFK HQHUJ\ FRQVXPSWLRQ FDQ YDU\ E\ RFFXSDQW HQHUJ\
EHKDYLRXU2QHRIWKHH[LVWLQJVWXGLHV*DOYLQGLYLGHGFRQVXPHUVOLYLQJLQWKHVDPHDSDUWPHQW
EXLOGLQJV E\ WKH KHDWLQJ FRQVXPSWLRQ OHYHOV GXH WR WKH QRUPDOLW\ RI WKH WKUHH GLVWULEXWLRQV LQ WKH
IUHTXHQF\GHQVLW\ORZHUWKDQN:K±N:KDQGKLJKHUWKDQN:K([FHSWIRUWKH
FRQVXPSWLRQRIVSDFHKHDWLQJHOHFWULFLW\FRQVXPSWLRQFRXOGDOVRYDU\IURPWRN:KDPRQJ
KRXVHKROGVDQGWKHFRQVXPSWLRQIRUVWDQGE\ZDVEHWZHHQDQGN:KSHU\HDU*UDP+DQVVHQ
7KHPRQLWRUHGXVDJHRIHOHFWULFDSSOLDQFHVDSDUWIURPWKHFRQVXPSWLRQIRUVSDFHKHDWLQJDQG
KRW ZDWHU ZDV GLIIHUHG EHWZHHQ  DQG  GHSHQGLQJ RQ WKH FKDUDFWHULVWLFV RI WKH FRQVXPHUV¶
EHKDYLRXUV6LGOHUHWDO  
,Q RUGHU WR WDNH WKHVH YDULDWLRQV FDXVHG E\ RFFXSDQWV¶ FRQWUROV LQWR EXLOGLQJ VLPXODWLRQV HQHUJ\
PRGHOOLQJLQH[LVWLQJOLWHUDWXUHKDVDWWHPSWHGWRLQWHJUDWHWKHYDULDWLRQVZLWKDSUREDELOLVWLFDSSURDFK
UDWKHUWKDQGHWHUPLQLVWLFYDOXHV2QHRIWKHSUREDELOLVWLFDSSURDFKHVLVWRXVHVWRFKDVWLFPRGHOV7KH
FRQFHSW RI VWRFKDVWLF RFFXSDQWV¶ EHKDYLRXUV FRQVLGHUV KXPDQ EHKDYLRXU DV QRW GHWHUPLQLVWLF EXW
FRPSOH[DQGXQSUHGLFWDEOHDFWLRQVZKLFKDUHUHSUHVHQWHGE\DFRPSRVLWLRQRIREVHUYDEOHVWDWHV9LURWH
	1HYHV6LOYD7KHUHIRUHWKHVWRFKDVWLFPRGHORIRFFXSDQWV¶EHKDYLRXUVWDNHVWKHSUREDELOLW\
RIDFWLRQVZKLFKEULQJVDERXWHQHUJ\FRQVXPSWLRQRUDFKDQJHLQLQGRRUHQYLURQPHQW9LURWH	1HYHV
6LOYD XVHG WKHKLGGHQ0DUNRY&KDLQPRGHO WR LQWHJUDWHREVHUYDEOHPRWLYDWLRQVRIRFFXSDQW
EHKDYLRXU WDNLQJ WKH DFWLRQV FRQVXPLQJ HQHUJ\ 1LFRO  FRQVLGHUHG RFFXSDQWV¶ EHKDYLRXUV DV
ELQDU\±KHDWLQJRQRURII±DQGDSSOLHGWKHSURELWUHJUHVVLRQDQDO\VLVIRUPRGHOOLQJWKHSURSRUWLRQRI
RFFXSDQWV¶ DFWLRQV LQ UHODWLRQ WR RXWGRRU WHPSHUDWXUHV 7KH VWRFKDVWLF PRGHOV UHILQH WKH UDQJHV RI
SRVVLEOHFRQVXPSWLRQEHKDYLRXUVZLWKWKHTXDQWLILHGSUREDELOLW\7KHUHIRUHWKHPRGHOVGUDZXQFHUWDLQ
IDFWRUV ZLWK WKH PRUH GLVWLQFWLYH ERXQGDULHV LQ EXLOGLQJ VLPXODWLRQV +RZHYHU WKH OLPLWDWLRQV RI
VWRFKDVWLFPRGHOVFDQEHWKDWWKH\GRQRWSURYLGHFRQVLVWHQWUHVXOWVWKDWFDQEHGLUHFWO\LQSXWLQEXLOGLQJ
VLPXODWLRQV9LURWH	1HYHV6LOYDHYHQWKHUHVXOWVDUHZLWKLQWKHSUREDEOHUDQJHV   
7KLVVWXG\WKHUHIRUHDLPVWRGHYHORSDSUREDELOLVWLFPRGHORIRFFXSDQWUDQGRPEHKDYLRXUFRQVXPLQJ
KHDWLQJDQGHOHFWULFLW\UHJDUGLQJWKHYDULDWLRQLQDFWXDOHQHUJ\FRQVXPSWLRQIRUROGKLJKULVHDSDUWPHQW
EXLOGLQJV7KUHHREMHFWLYHVDUHGHVLJQHGWRLGHQWLI\WKHYDULDWLRQLQDFWXDOHQHUJ\FRQVXPSWLRQLQROG
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KLJKULVHDSDUWPHQWEXLOGLQJVEXLOWEHWZHHQWKHVDQGVWRLQWHJUDWHWKHYDULDWLRQLQDFWXDO
FRQVXPSWLRQLQWRHQHUJ\PRGHOVDQGWRLGHQWLI\WKHSRVVLEOHRFFXSDQWUDQGRPEHKDYLRXUVFRQWUROOLQJ
KHDWLQJDQGHOHFWULFLW\FRUUHVSRQGLQJWRWKHSUREDELOLW\RIHQHUJ\FRQVXPSWLRQ 
2. 0HWKRGV 
,QRUGHU WR LGHQWLI\SUREDELOLVWLFRFFXSDQWUDQGRPEHKDYLRXUVFRQWUROOLQJKHDWLQJDQGHOHFWULFLW\ WKH
SURFHGXUHZDVGHVLJQHGLQIRXUVWHSV$WILUVWDFWXDOHQHUJ\FRQVXPSWLRQLQDSDUWPHQWEXLOGLQJVZDV
VXUYH\HGDQGWKHQLWVYDULDWLRQZDVPHDVXUHG6HFRQGHQHUJ\PRGHOVRIWKHUDQGRPFRQWURORIKHDWLQJ
DQG HOHFWULFLW\ ZHUH DQDO\VHG ZLWK WKHLU XQFHUWDLQW\ (VWLPDWHG HQHUJ\ FRQVXPSWLRQ RI WKH HQHUJ\
PRGHOVZDVRSWLPLVHGWRUHIOHFWWKHGLVWULEXWLRQRIWKHDFWXDOXVDJH7KLUGWKHSUREDELOLW\RIHQHUJ\
FRQVXPSWLRQZDVSUHGLFWHGE\*DXVVLDQ3URFHVV&ODVVLILFDWLRQ$WWKHVDPHWLPHWKHSRVVLEOHUDQJHV
RIRFFXSDQWUDQGRPFRQWUROVZHUHXSGDWHG/DVWWKHSUREDELOLVWLFUDQGRPEHKDYLRXUZDVHYDOXDWHG 
(YDOXDWLQJYDULDWLRQLQDFWXDOHQHUJ\FRQVXPSWLRQLQDSDUWPHQWEXLOGLQJVFRQVWUXFWHGLQWKH
V±V 
6DPSOLQJ   
7KHUHDUHPDQ\IDFWRUVLQWHUUHODWLQJZLWKHQHUJ\FRQVXPSWLRQ7KXVLWZDVLPSRUWDQWWRFRQWUROHIIHFWV
IURP XQUHODWHG IDFWRUV LQ WKLV VWXG\ 7KUHH VDPSOLQJ XQLWV ZHUH FKRVHQ  ORFDWLRQV  SK\VLFDO
FRQGLWLRQV GDWD DYDLODELOLW\ )LUVWO\ WKH ORFDWLRQVRI DSDUWPHQW EXLOGLQJV ZHUH XVHG WR HOLPLQDWH
H[WHUQDO HIIHFWV 6L[WHHQ DSDUWPHQW GLVWULFWV LQ 6HRXO ZHUH FKRVHQ 7KHVH GLVWULFWV ZHUH PDLQO\
GHYHORSHGIRUDSDUWPHQWFRQVWUXFWLRQVXQGHUDQHQIRUFHPHQWGHFUHHRIWKH8UEDQ3ODQQLQJ$FWVLQFH
6RQ7KXVDSDUWPHQWEXLOGLQJVLQWKHVHGLVWULFWVZHUHFRQVWUXFWHGLQDVLPLODUWLPHIUDPH
DQGQHDUGLVWDQFHZKLFKFDQPLQLPLVHWKHGLIIHUHQFHLQFOLPDWHHIIHFWV$IWHUZDUGVWKHVHGLVWULFWV
ZHUHVHSDUDWHGE\VRFLRHFRQRPLFIDFWRUVWRDYRLGWKHLPSDFWRIXUEDQVHJUHJDWLRQLQ6HRXO([LVWLQJ
OLWHUDWXUHKDVLGHQWLILHGWKDWWKHGLVSDULWLHVRIHGXFDWLRQOHYHOVDQGRFFXSDWLRQVDUHKLJKO\FRUUHODWHGWR
WKHLQFRPHOHYHOVRIUHVLGHQWVLQ6HRXO<RRQ/HH&KXQJ<RRQFRPSDUHG
WKHJHRJUDSKLFDOGLVSDULWLHVRIYDULRXVLQGLFHVUHODWHGWRWKHVRFLRHFRQRPLFIDFWRUVSRSXODWLRQILVFDO
VHOIUHOLDQFHUDWLRKHDOWKDQGZHOIDUHHGXFDWLRQSULFHVRIKRXVLQJDQGODQGLQGXVWULDOVWUXFWXUHDQG
WUDQVSRUWDWLRQ)LYHERURXJKVUHSUHVHQWLQJUHODWLYHO\EHWWHUOLYLQJFRQGLWLRQVZHUHFKRVHQIURPDWRWDO
RI  ERURXJKV LQ 6HRXO E\ FRPSDULQJ D VWDQGDUG VFRUH RI WKH LQGLFHV 5HVLGHQWV ZLWK KLJK OHYHO
HGXFDWLRQZHUHGHQVHO\SRSXODWHG LQ WKHVH ILYHERURXJKV7KH UREXVW FRUUHODWLRQEHWZHHQ WKHKLJK
HGXFDWLRQUHVLGHQWVLQWKHVHILYHERURXJKVDQGWKHLUKRXVLQJW\SHVDSDUWPHQWEXLOGLQJVKDVEHHQIRXQG
=FKDQJ  6L[WHHQ DSDUWPHQW GLVWULFWV DUH DIILOLDWHG WR WKHVH ILYH ERURXJKV )RXU RI WKH ILYH
ERURXJKVDSDUWPHQWGLVWULFWVDOOZLWKDSDUWPHQWEXLOGLQJVFRQVWUXFWHGLQWKHPLG±VDQGV
ZHUHFKRVHQIRUWKLVVWXG\7KHUHVLGHQWVLQWKHIRXUERURXJKVHVSHFLDOO\WKRVHZKROLYHLQKLJKULVH
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DSDUWPHQWEXLOGLQJVZHUHFDOOHG³QHZ´XUEDQPLGGOHFODVV/HWW=FKDQJ=FKDQJ
GHVFULEHGWKH³ROG´PLGGOHFODVVDVVPDOOEXVLQHVVRZQHUVDQGDKLJKHULQFRPHWKDQWKHDYHUDJH,Q
FRQWUDVWWRWKH³ROG´PLGGOHFODVV/HWWGLVFRYHUHGWKHVHYHQFDWHJRULHVRIRFFXSDWLRQVLQWKH
³QHZ´XUEDQPLGGOHFODVVLQWKHIRXUERURXJKVVFKRODUVJRYHUQPHQWEXUHDXFUDWVFRUSRUDWHVDODU\PHQ
EXVLQHVVRZQHUVSURIHVVLRQDOVUHOLJLRXVOHDGHUVQRXYHDX[ULFKHV7KHOLIHVW\OHVRIWKH³QHZ´XUEDQ
PLGGOH FODVV DUH YDULHG /HWW  *HOp]HDX  EXW SHRSOH LQ WKLV FODVV FDQ DIIRUG QRW WR EH
FRQFHUQHGDERXWHQHUJ\FRQVXPSWLRQ         
6HFRQGO\WKHSK\VLFDOFRQGLWLRQVRIDSDUWPHQWEXLOGLQJVQHHGWREHFRQVWUDLQHGWRDYRLGJLYLQJLPSDFW
RQ HQHUJ\ FRQVXPSWLRQ7ZR RI WKH PRVW LQIOXHQWLDO IDFWRUV DIIHFWLQJ HQHUJ\ FRQVXPSWLRQ WKHUPDO
FRQGLWLRQVRIEXLOGLQJHQYHORSHV.LPDQGKHDWLQJPHWKRGV/HHHWDO0RRQHWDO
ZHUHFKRVHQ7KHUHIRUHDSDUWPHQWEXLOGLQJVFRQVWUXFWHGLQWKHVDQGVZHUHGLYLGHGLQWRWZR
JURXSVGHSHQGLQJRQWKHWKHUPDOFRQGLWLRQVRIEXLOGLQJHQYHORSHVZKLFKZHUHILOWHUHGE\FRQVWUXFWLRQ
\HDUV7KHILUVWJURXSSHULRG$ZDVFRPSULVHGRIDSDUWPHQWEXLOGLQJVFRQVWUXFWHGEHIRUHZKHQ
D OHJLVODWLRQ RI EXLOGLQJ WKHUPDO UHJXODWLRQV ZDV HQDFWHG 7KH VHFRQG JURXS SHULRG % FRQWDLQHG
EXLOGLQJVEXLOWEHWZHHQDQGEHIRUHWKHEXLOGLQJUHJXODWLRQKDVDSURIHVVLRQDOIRUP7KHUHIRUH
WKHEXLOGLQJVLQERWKSHULRGVQHHGWREHUHIXUELVKHGWRUHGXFHKLJKHQHUJ\FRQVXPSWLRQ.LP
DOWKRXJK EXLOGLQJV LQ SHULRG % FDQ EH H[SHFWHG WR KDYH UHODWLYHO\ DGYDQFHG WKHUPDO FRQGLWLRQV
FRPSDUHGWREXLOGLQJVLQSHULRG$7KHGLVWULFWKHDWLQJPHWKRGZDVFRQVLGHUHGRQO\ZKLFKZDVPDLQO\
DSSOLHGWRPDQ\DSDUWPHQWEXLOGLQJVFRQVWUXFWHGLQWKHIRXUERURXJKV  
/DVWO\ HQHUJ\ ELOOV ZHUH FROOHFWHG WKURXJK WKH$SDUWPHQW PDQDJHPHQW LQIRUPDWLRQ V\VWHP .RUHD
$SSUDLVDO %RDUG 7KH PRQWKO\ FRQVXPSWLRQ LQ  ZDV WUDQVIRUPHG IURP:RQP\HDU WR
N:KP\HDUDFFRUGLQJWRFDOFXODWLRQPHWKRGVE\WKH.RUHD'LVWULFW+HDWLQJ&RUSRUDWLRQDQG
.RUHD(OHFWULF3RZHU&RUSRUDWLRQ7KHELOOVZHUHVHSDUDWHGE\KHDWLQJDQGHOHFWULFLW\7KLVVWXG\
RQO\FRQVLGHUHGHQHUJ\ELOOVFRQVXPHGIRULQGLYLGXDOXQLWV(QHUJ\ELOOVXVHGIRUFRPPXQDOSXUSRVHV
ZHUHWKHUHIRUHH[FOXGHGHYHQWKRXJKWKH\ZHUHFRQVXPHGLQEXLOGLQJV,QWRWDODSDUWPHQWEORFNV
EORFNVLQSHULRG$DQGEORFNVLQSHULRG%ZHUHFKRVHQLQWKLVVDPSOHVWXG\7KH\RFFXS\
DQGRIDSDUWPHQWEXLOGLQJVEXLOWLQERWKSHULRGV$DQG%LQ6HRXOUHVSHFWLYHO\ 
1RUPDOLW\WHVWV 
&HQWUDO OLPLW WKHRUHPVWDWHV WKDW IUHTXHQFLHV LQHPSLULFDOSRSXODWLRQV VKRZEHOOVKDSHFXUYHV LI WKH
QXPEHU RI LQGHSHQGHQW UDQGRP VDPSOHV LV ODUJH HQRXJK 5RVV 7KH FROOHFWHG VDPSOHV ZHUH
HYDOXDWHGIRUWKLVQRUPDOLW\)LUVWO\.ROPRJRURY6PLUQRYDQG6KDSLUR:LONWHVWVZHUHFRQGXFWHGWR
PHDVXUHWKHGHYLDWLRQVRIWKHVDPSOHVIURPWKHQRUPDOGLVWULEXWLRQZLWKWKHVDPHPHDQDQGVWDQGDUG
GHYLDWLRQ,IȡYDOXHVLQERWKWHVWVDUHQRWVLJQLILFDQWȡ!WKHQWKHQRUPDOLW\RIWKHVDPSOHVFDQ
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EHDFFHSWHG5RVVHWDO6HFRQGO\4±4SORWVZHUHGUDZQWRVXSSOHPHQWWKHOLPLWDWLRQRIWKH
SUHYLRXVQRUPDOLW\WHVWV WKURXJKYLVXDOLQVSHFWLRQ)LHOG/DVWO\VNHZQHVVDQGNXUWRVLVZHUH
PHDVXUHGWRLGHQWLI\KRZIDUWKHVDPSOHGDWDLVGLIIHUHQWIURPWKHQRUPDOGLVWULEXWLRQOLPLWVZHUH
FRQVLGHUHGDVQRUPDOO\GLVWULEXWHG)LHOG6366)LHOGZDVXVHGWRFRQGXFWWKHVHWHVWV
7KHUHVXOWVRIQRUPDOLW\WHVWVDUHLOOXVWUDWHGLQ6HFWLRQ 
 ,QWHJUDWLQJRFFXSDQW UDQGRP EHKDYLRXU UHIOHFWLQJ DFWXDO HQHUJ\FRQVXPSWLRQ LQWR HQHUJ\
PRGHOOLQJ 
$SUREDELOLVWLFDSSURDFKZDVDSSOLHGWRUHIOHFWYDULDWLRQLQWKHDFWXDOHQHUJ\FRQVXPSWLRQLQHQHUJ\
PRGHOV(QHUJ\PRGHOVZHUHFUHDWHGE\WKHSRVVLEOHEHKDYLRXUVLQFRQWUROOLQJKHDWLQJDQGHOHFWULFLW\
7KHSRVVLEOHHQHUJ\FRQVXPSWLRQ LQ WKHHQHUJ\PRGHOVZDVFRPSDUHGWR WKHYDULDWLRQ LQ WKHDFWXDO
HQHUJ\ FRQVXPSWLRQ 7KH PRGHO HVWLPDWLRQ ZDV RSWLPLVHG WR EH DV VLPLODU DV SRVVLEOH WR WKH UHDO
FRQVXPSWLRQZKLFKLQGLFDWHVWKHSRVVLEOHUDQJHVRIRFFXSDQWEHKDYLRXUVGHWHUPLQLQJWKHYDULDWLRQLQ
WKHDFWXDOFRQVXPSWLRQ 
(QHUJ\PRGHOVRIRFFXSDQWUDQGRPEHKDYLRXUVFRQWUROOLQJKHDWLQJDQGHOHFWULFLW\ 
(QHUJ\PRGHOOLQJFRQVLVWHGRIWKUHHSDUWVEXLOGLQJIRUPWKHUPDOSURSHUWLHVDQGHQHUJ\FRQWUROV)LUVW
EXLOGLQJIRUPZDVIL[HGE\FKRRVLQJWKHPRVWW\SLFDOXQLWGHVLJQ.LP	.LP3DUNDQG
EXLOGLQJGHVLJQILIWHHQVWRU\DQGVRXWKIDFLQJ6RQ/LPDVVKRZQLQ)LJXUH7KLVXQLW
GHVLJQ PDGH XSDERXW  RI DSDUWPHQW EXLOGLQJVEXLOW XQWLO WKH V .LP 	<RRQ7KH
DSDUWPHQW EXLOGLQJV ZLWK  IORRUV PDNH XS WKH ODUJHVW SURSRUWLRQ  0LQLVWU\ RI /DQG
,QIUDVWUXFWXUHDQG7UDQVSRUW(QHUJ\PRGHOVZHUHFUHDWHGZLWKVL[XQLWVWZRXQLWVRQWKUHHIORRUV
JURXQGPLGGOH DQG WRS IORRUV7KHHQHUJ\FRQVXPSWLRQ LQ WKH WZRXQLWVRQ WKHPLGGOH IORRUZDV
PXOWLSOLHGWRHVWLPDWHWKHWRWDODPRXQWRIHQHUJ\FRQVXPSWLRQIURPWKHQGWRWKIORRUVE\XVLQJ
PXOWLSOLHULQ(QHUJ\3OXV(QHUJ\3OXV'RFXPHQWDWLRQ(DFKURRPZDVVHSDUDWHO\PRGHOOHG
DVLQGLYLGXDOWKHUPDO]RQHVWREHFRQWUROOHGE\GLIIHUHQWVFKHGXOHVDVLWRFFXUVLQUHDOVLWXDWLRQV 
6HFRQGWKHUPDOSURSHUWLHV8YDOXHVIRUWKHWZRSHULRGVEHIRUHDQGEHWZHHQDQG
ZHUHLGHQWLILHGE\UHYLHZLQJWKHEXLOGLQJWKHUPDOUHJXODWLRQVDQGH[LVWLQJOLWHUDWXUH6HR.LP
HW DO  7KH VSHFLILF DSSOLFDWLRQV ZHUH DOVR YHULILHG E\ WKH VLWH VXUYH\ FROOHFWLQJ DFWXDO
DUFKLWHFWXUDOGUDZLQJVLQWKUHHDSDUWPHQWEORFNV7KHWKHUPDOFRQGLWLRQLQDSDUWPHQWXQLWVLVGLYLGHG
LQWRWZRGLIIHUHQWDUHDVXQFRQGLWLRQHGDQGFRQGLWLRQHGDUHDV)LJXUH8QFRQGLWLRQHGDUHDVPHDQWKH
EDWKURRP DQG WZR EDOFRQLHV ZKLFK DUH GLUHFWO\ H[SRVHG WR WKH RXWVLGH ZLWKRXW KHDWLQJ IDFLOLWLHV
ZKHUHDVFRQGLWLRQHGDUHDVDUHWKHPDLQOLYLQJVSDFHVZKLFKDUHHQFORVHGE\WKHXQFRQGLWLRQHGDUHDVWR
EHSURWHFWHGIURPWKHRXWVLGHDSDUWIURPWKHEHGURRP&7KHUHIRUHWKHUPDOSURWHFWLRQZDVIRFXVHGRQ
WKHFRQGLWLRQHGDUHDV7KHSURILOHVRIWKHEXLOGLQJHQYHORSHVDUHGHVFULEHGLQ7DEOH 
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)LJXUH'HVFULSWLRQRIWKHDSDUWPHQWXQLWV 
 
7DEOH3URILOHRIWKHUPDOSURSHUWLHVLQHQHUJ\PRGHOV  
Locatio
n 
Exposure 
to the 
outside 
Materials (mm) 
(In Æ out, up Æ down) 
Thickness 
(mm) 
(Period A/ 
B) 
Thermal 
conductivity 
(W/m.K) 
Density 
(kg/m3) 
(Period 
A/ B) 
Specific 
heat 
(J/kg.K) 
(Period A/ 
B) 
U-value 
(W/m2K) 
Period A  
(Before 1980) 
Period B 
(1981 ± 1988) 
Period 
A  
 
Period 
B 
 
External 
wall 
Direct  
 
Mortar Mortar 18 1.081 1950 921  
 
2.08 
 
 
2.08 
Cement brick  Cement brick  90 0.605 1700 1550 
Cavity  Cavity  50 0.15(m2.K/W) - - 
Cement brick  Cement brick  90 0.605 1700 1550 
Mortar Mortar 18 1.081 1950 921 
Indirect  Mortar Mortar 18 1.081 1950 921  
 
2.08 
 
 
0.50 
Cement brick  Cement brick  90 0.605 1700 1550 
Cavity  Insulation  50 0.033 -  / 50 - / 838 
Cement brick  Cement brick  90 0.605 1700 1550 
Mortar Mortar 18 1.081 1950 921 
Side 
wall 
Direct  Mortar  Mortar  18 1.081 1950 921  
3.24 
 
0.59 Cement brick  Insulation 90 / 50 0.605 1700 / 50 1550 / 838 
Concrete  Concrete 200  1.400 2240  879  
 Mortar  18 1.081 - / 1950 - / 921 
Roof  Direct  Mortar  Mortar  24 1.081 1950 921  
0.52 
 
0.52 Concrete  Concrete  200 1.400 2240 879 
Cavity  Cavity  220 0.18(m2.K/W) - - 
Insulation  Insulation  50 0.033 50 838 
Plaster board  Plaster board   10 0.209 940 1130 
Floor 
between 
ground 
and 
undergr
ound 
floors 
 
Indirect  Mortar + Mortar + 100 1.081 1950 921  
4.36 
 
0.55 Gravels  
(heating tubes)  
Gravels 
(heating 
tubes)  
 1.260 1522 908 
Concrete  Concrete  200 1.400 2240 879 
 Insulation  50 0.033 - / 50 - / 838 
 Plaster board 10 0.209 - / 940 - / 1130 
Window Direct Single glazing  Single 
glazing  
3 0.900 - - 5.89 5.89 
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7KLUGKHDWLQJDQGHOHFWULFLW\FRQWUROVZHUHVHWGLIIHUHQWO\GHSHQGLQJRQXQFHUWDLQW\+HDWLQJVXSSO\LQ
HDFKURRPLVFRQWUROOHGE\VXSSO\LQJYDOYHVDQGWKHFRQWUROOHUPDQLSXODWHVVHWSRLQWWHPSHUDWXUHVDQG
RSHUDWLRQV +HDWLQJ FRQWUROV LQ WKLV VWXG\ FRQFHQWUDWHG RQ WKH VHWSRLQW WHPSHUDWXUHV DQG RSHUDWLQJ
KRXUVLQHDFKURRP7KHSRVVLEOHUDQJHRIKHDWLQJVHWSRLQWWHPSHUDWXUHVZDVVHWEHWZHHQ&DQG
&7KHRSHUDWLQJKRXUVZHUHJUDGXDOO\LQFUHDVHGIURPWKUHHWRQLQHKRXUVSHUGD\,QWHUPVRIHOHFWULFLW\
FRQWUROVWKHQDWLRQDOVXUYH\VLQYHVWLJDWLQJEHKDYLRXUVRIHOHFWULFLW\FRQVXPSWLRQ.RUHD(OHFWULF3RZHU
&RUSRUDWLRQ.RUHD(OHFWULF3RZHU&RUSRUDWLRQZHUHXVHGWRLGHQWLI\WKHSRVVLEOHUDQJH
RI RSHUDWLRQV LQ KRXVHKROGV 'DLO\ URXWLQHV RI XVLQJ HOHFWULF DSSOLDQFHV LQ  KRXVHKROGV ZHUH
FROOHFWHGLQWKLVVXUYH\/LJKWLQJDQGIRXUHOHFWULFDSSOLDQFHVVKRZLQJYDULDWLRQVLQWKHLURSHUDWLQJKRXUV
ZLWKKLJKHUSHQHWUDWLRQUDWHVZHUHFKRVHQDLUFRQGLWLRQHUHOHFWULFEODQNHWFRPSXWHUDQGULFH
FRRNHU/LJKWLQJRSHUDWLRQZDVVHSDUDWHGE\WKHOLYLQJURRPDQGWKHEHGURRPV7KHRSHUDWLQJKRXUV
ZHUHLQFUHDVHGIURPWRKRXUVSHUGD\ZLWKPD[LPXPIOXRUHVFHQWOLJKWVLQRSHUDWLRQDPRQJWKH
 KRXVHKROGV .RUHD (OHFWULF 3RZHU &RUSRUDWLRQ   7KH FRQWURO RI DLUFRQGLWLRQHUV ZDV
VHSDUDWHGE\VHWSRLQWWHPSHUDWXUHVDQGKRXUV7KHWHPSHUDWXUHVZHUHLQFUHDVHGIURP&WR&
2YHUDOORSHUDWLQJKRXUVRIFRROLQJGLGQRWH[FHHGPRUHWKDQZKLFKLVUHODWLYHO\ORZHUFRPSDUHG
WRRWKHUDSSOLDQFHV7KHPD[LPXPKRXUVRIXVLQJDQDLUFRQGLWLRQHUZDVKRXUVLQDGD\ZLWK
SUREDELOLW\ 5LFHFRRNHUV VKRZHG WKH KLJKHVW RSHUDWLQJ KRXUV ZLWK DQ DYHUDJH RI  SHU \HDU LQ
FRQVXPLQJ HOHFWULFLW\ IRU ZDUPLQJ ULFH .RUHD (OHFWULF 3RZHU &RUSRUDWLRQ  7KH PD[LPXP
RSHUDWLQJKRXUVZDVLGHQWLILHGWREHZLWKDERXWLQRSHUDWLRQDQGWKHPLQLPXPKRXUVZDV
ZLWKDERXWLQRSHUDWLRQ7KHFRPSXWHUZDVPDLQO\XVHGDWQLJKW7KHPD[LPXPXVDJHLVGLVWULEXWHG
EHWZHHQSPDQGSPZLWKDERXWLQRSHUDWLRQ7KHHOHFWULFEODQNHWZDVJHQHUDOO\XVHGEHWZHHQ
ILYHWRVL[KRXUVSHUGD\EXWWKHQXPEHURIGD\VXVHGLQD\HDULQGLFDWHGPRUHSURPLQHQWYDULDWLRQV
IURPWRGD\V7KLVYDULDWLRQZDVWDNHQLQWRDFFRXQWLQPRGHOV,QWRWDOLQSXWSDUDPHWHUVZHUH
VHWZLWKWKHSRVVLEOHUDQJHRIYDOXHV7DEOH 
6RPHDSSOLDQFHVVXFKDVWKH79UHIULJHUDWRUDQG.LPFKLUHIULJHUDWRUDOVRLQGLFDWHGKLJKHOHFWULFLW\
FRQVXPSWLRQEXWWKHLURSHUDWLRQVZHUHPXFKXQLILHGDOZD\VRQIRUUHIULJHUDWRUVDQGILYHKRXUVRQIRU
WKH79DFFRUGLQJ WR WKHQDWLRQDOVXUYH\ .RUHD(OHFWULF3RZHU&RUSRUDWLRQ7KHUHIRUH WKH\
ZHUHVHWLQWKHHQHUJ\PRGHOVEXWZLWKFRQVLVWHQWYDOXHV7ZRDLUFRQGLWLRQHUVZHUHHTXLSSHGLQWKH
OLYLQJURRPDQGWKHODUJHVWEHGURRP$(OHFWULFEODQNHWVIRUVXSSOHPHQWDU\KHDWLQJZHUHDSSOLHGLQWKH
OLYLQJURRPDQGWZREHGURRPV$FRPSXWHUDQGULFHFRRNHUZHUHSODFHGLQWKHOLYLQJURRPLQFOXGLQJ
WKHNLWFKHQ)RXURFFXSDQWVZHUHVHWLQHDFKDSDUWPHQWXQLWZKLFKLVWKHPRVWUHSUHVHQWDWLYHW\SHRI
KRXVHKROGOLYLQJLQDSDUWPHQWEXLOGLQJV6WDWLVWLFV.RUHDE(OHFWULFSRZHUIRUDSSOLDQFHVZDV
WDNHQIURPWKHDYHUDJHYDOXHVLQWKHQDWLRQDOVXUYH\.RUHD(OHFWULF3RZHU&RUSRUDWLRQ79
: UHIULJHUDWRU : NLPFKL UHIULJHUDWRU : FRPSXWHU : IOXRUHVFHQW OLJKW
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ULFHFRRNHU:LQFRRNLQJDQGLQ
+\XQMX-DQJ	-LDQ.DQJ(QHUJ\DQG%XLOGLQJV  doi:10.1016/j.enbuild.2016.03.037 
ZDUPLQJ9HQWLODWLRQUDWHVZHUHVHWDW$&+IRUFRQGLWLRQHGDUHDDQG$&+IRUXQFRQGLWLRQHG
DUHD0LQLVWU\RI/DQG,QIUDVWUXFWXUHDQG7UDQVSRUWE 
 
Table 2 Prior distributions of uncertain parameters in building energy models 
Categories Input parameters Prior 
distributions 
Optimised 
distribution 
Locations Units No. 
Period A Period B 
Heating Set-point 
temperatures 
16 ± 22 16± 20  15 ± 21  Living room °C(winter) 1 
16 ± 20 16±21 Bed room A ± C 2,3,4 
Operating hours 
 
3 ± 9 3±6 3 ± 9  Living room Hour/day 
(winter) 
5 
- - Bed room A ± C 6,7,8 
Electricity Air-conditioner 
(set-point 
temperatures) 
 
23 ± 29 
- Living room °C(summer) 9 
Bed room A 10 
Air-conditioner 
(operating hours) 
 
0 ± 7 
 
0 ±7 
 
Living room Hour/day 
(summer) 
11 
Bed room A 12 
Rice-cooker 
(operating hours) 
10 ± 16 7 ± 16 Living room 
(kitchen) 
Hour/day 
 
13 
Computer 
(operating hours) 
1 ± 4 0.5 ± 3.5 Living room   Hour/day 
 
14 
Lighting 
(operating hours) 
1 ± 7 0 ± 7 Living room Hour/day 
 
15,16 
Bed rooms 
Electric Blanket 
 
60 ± 120 - Living room Day/year 
(winter) 
17,18,19 
2SWLPLVDWLRQRIPRGHOHVWLPDWLRQUHIOHFWLQJYDULDWLRQLQWKHDFWXDOHQHUJ\FRQVXPSWLRQ 
7KHHQHUJ\PRGHOVGHILQHGLQWKHSUHYLRXVVHFWLRQZHUHXVHGWRHVWLPDWHWKHSRVVLEOHUDQJHVRIHQHUJ\
FRQVXPSWLRQ$JUHDWQXPEHURISRVVLEOHFDVHVZHUHFUHDWHGGXHWRWKHXQFHUWDLQFRQWUROVRIKHDWLQJ
DQGHOHFWULFLW\UDQGRPVDPSOHVZHUHFKRVHQE\/DWLQ+\SHU&XEH6DPSOLQJ/+6WRFRQGXFWWKH
0RQWH&DUOR0HWKRG7KH/+6PHWKRGLVPRUHUREXVWWKDQRWKHUVDPSOLQJPHWKRGV0DFGRQDOG
DQGKDVEHHQZLGHO\DSSOLHGWRWKHXQFHUWDLQW\DQDO\VLVLQEXLOGLQJVLPXODWLRQVVXFKDV +\XQHWDO
 6LOYD 	 *KLVL  (QHUJ\3OXV  &UDZOH\ HW DO  ZDV XVHG WR FRQGXFW EXLOGLQJ
VLPXODWLRQV+LVWRULFDOZHDWKHUGDWDIRU6HRXOLQZKLFKLVSURYLGHGE\:KLWH%R[7HFKQRORJLHV
ZHDWKHU GDWD IRU HQHUJ\ FDOFXODWLRQV :KLWH %R[ 7HFKQRORJLHV  ZDV DSSOLHG  %RWK /+6
VDPSOLQJV DQG VLPXODWLRQV ZHUH PDQDJHG E\ M(3OXV =FKDQJ  +HDWLQJ DQG HOHFWULFLW\
FRQVXPSWLRQZHUHVHSDUDWHO\DFFXPXODWHG7KH3UREDELOLW\'HQVLW\)XQFWLRQ3')RIWKHHVWLPDWHG
HQHUJ\FRQVXPSWLRQZDVFRPSDUHGWRWKH3')RIWKHDFWXDOHQHUJ\FRQVXPSWLRQ7KH&RHIILFLHQWRI
9DULDWLRQRI5RRW0HDQ6TXDUH'HYLDWLRQ&9506(ZDVXVHGWRPHDVXUHWKHGLVFUHSDQF\EHWZHHQ
WKHPRGHOHVWLPDWLRQDQGWKHDFWXDOHQHUJ\FRQVXPSWLRQ  
7KHSUHYLRXVRFFXSDQW UDQGRPEHKDYLRXU LQHQHUJ\PRGHOVFRXOGQRWEHVSHFLILHGIRU WKH UHVLGHQWV
OLYLQJLQWKHROGDSDUWPHQWEXLOGLQJV7KLVFDQEULQJDERXWKLJKDPRXQWVRIGLVFUHSDQF\FRPSDUHGWR
WKHDFWXDOHQHUJ\FRQVXPSWLRQ7KLVGLVFUHSDQF\ZDVRSWLPLVHGLQRUGHUWRUHIOHFWWKHDFWXDOHQHUJ\
+\XQMX-DQJ	-LDQ.DQJ(QHUJ\DQG%XLOGLQJV  doi:10.1016/j.enbuild.2016.03.037 
FRQVXPSWLRQ7KHSURFHGXUHZDVGLYLGHGLQWRWZRSDUWV)LUVWO\PXOWLYDULDWHUHJUHVVLRQDQDO\VLVZDV
FRQGXFWHGWRFUHDWHOLQHDUPRGHOVRIHQHUJ\FRQVXPSWLRQRQO\ZLWKLQIOXHQWLDOSDUDPHWHUVRIRFFXSDQWV¶
UDQGRPFRQWUROV$ERYHDOOWKHOLQHDULW\ZDVH[DPLQHGE\WKHFRHIILFLHQWVRIGHWHUPLQDWLRQ5VTXDUHG
DQG )UDWLR YDOXHV )LHOG  6WDQGDUGLVHG 5HJUHVVLRQ &RHIILFLHQW 65& YDOXHV ZHUH XVHG WR
GHWHUPLQH WKH LQIOXHQWLDO SDUDPHWHUV LQ WKH OLQHDUPRGHOV$VWHSZLVHPHWKRGZDV DSSOLHG WRFUHDWH
SRVVLEOHOLQHDUPRGHOVDXWRPDWLFDOO\6HFRQGO\WKHUDQJHVDQGYDOXHVRIWKHXQFHUWDLQSDUDPHWHUVZHUH
UHYLVHGIRUWKHLUUHJHQHUDWHGUDQGRPVDPSOHVWRKDYHDVLPLODUPHDQDQGVWDQGDUGGHYLDWLRQRIWKHDFWXDO
HQHUJ\ FRQVXPSWLRQ 5DQGRP VDPSOLQJ ZDV FRQGXFWHG E\ XQLIRUPO\ GLVWULEXWHG SVHXGRUDQGRP
LQWHJHUV LQ 0$7/$% D +XQW HW DO 7KH OLQHDU PRGHOV LGHQWLILHG DERYH ZHUH XVHG WR
HVWLPDWHHQHUJ\FRQVXPSWLRQRIWKHUHJHQHUDWHGVDPSOHV7KHGLVWULEXWLRQRIWKHUHHVWLPDWHGHQHUJ\
FRQVXPSWLRQZDVFRPSDUHG WR WKHDFWXDOHQHUJ\FRQVXPSWLRQ&9506(ZDVXVHG WRHYDOXDWH WKH
GLIIHUHQFHEHWZHHQWKHP7KHUHVXOWVDUHVKRZQLQ6HFWLRQ 
 *HQHUDOLVDWLRQ RI SUREDELOLW\ RI RFFXSDQW UDQGRP EHKDYLRXUV FRQVXPLQJ KHDWLQJ DQG
HOHFWULFLW\ 
%DVHGRQWKHRSWLPLVHGPRGHOHVWLPDWLRQWKLVVHFWLRQFRQGXFWHGVWRFKDVWLFSURFHVVHVWRLGHQWLI\WKH
SUREDELOLW\ RI HQHUJ\ FRQVXPSWLRQ 6WRFKDVWLF SURFHVVHV GHDO ZLWK WKH VHWV RI DOO SRVVLEOH UDQGRP
SDUDPHWHUV5RVVDQGIRUPWKHJHQHUDOLVHGSUREDELOLW\GLVWULEXWLRQVWRIXQFWLRQV 5DVPXVVHQ
DQG:LOOLDPV,QSDUWLFXODU*DXVVLDQ3URFHVVHVHDVLO\GHDOZLWKWKHPDQ\UDQGRPYDULDEOHVWKDW
DUHDSSUR[LPDWHO\FRQVLGHUHGQRUPDOO\GLVWULEXWHGDFFRUGLQJWRWKHSUREDELOLW\WKHRU\3DU]HQ
7KHSURFHVVHVIROORZ%D\HVWKHRUHP5DVPXVVHQDQG:LOOLDPVWKDWPRGLILHVSULRUGLVWULEXWLRQV
WKURXJKREVHUYHGGDWDWRDFKLHYHWDUJHWGLVWULEXWLRQV.DOEIOHLVFK7KLVLQIHUHQFHKDVEHHQXVHG
WR FDOLEUDWH SDUDPHWHUV RI HQHUJ\ PRGHOV LQ EXLOGLQJ VLPXODWLRQV DV VKRZQ LQ +HR HW DO 
'HSHQGLQJ RQ WKH W\SHV RI RXWSXWV HLWKHU UHJUHVVLRQ RU FODVVLILFDWLRQ LV GHWHUPLQHG LQ FRQGXFWLQJ
*DXVVLDQ SURFHVVHV UHJUHVVLRQ GHDOV ZLWK FRQWLQXRXV RXWSXWV WKDW GHDO ZLWK UHDO YDOXHV ZKLOH
FODVVLILFDWLRQFRQVLGHUVGLVFUHWHRXWSXWVFODVVLILHGE\ODEHOV1HDO  
7KLV VWXG\ IRFXVHG RQ FODVVLILFDWLRQ WR SUHGLFW WKH SUREDELOLW\ RI KHDWLQJ DQG HOHFWULFLW\ LQ WKH ROG
DSDUWPHQWEXLOGLQJVUDWKHUWKDQH[DFWFDOLEUDWLRQFDVHE\FDVH7KHSURFHVVZDVGLYLGHGLQWRWKUHHVWHSV
)LUVWO\ WKHRSWLPLVHGUDQGRPVDPSOHVZHUHSUHSDUHGDV WUDLQLQJGDWD7KHHQHUJ\FRQVXPSWLRQZDV
VXEGLYLGHGE\GHYLDWLRQ+HDWLQJFRQVXPSWLRQZLWKGHYLDWLRQZDVGHILQHGEHWZHHQDQG
 N:KP\HDU LQ SHULRG$ DQG EHWZHHQ  DQG  N:KP\HDU LQ SHULRG % 7KH HOHFWULFLW\
FRQVXPSWLRQEHWZHHQDQGN:KP\HDUGHFLGHGWKHPHGLXPFODVVIRUWKHERWKSHULRGV  
6HFRQGO\ *DXVVLDQ 3URFHVV SULRUV VXFK DV FRYDULDQFH IXQFWLRQV ZHUH IRUPHG 0DQ\ FRYDULDQFH
IXQFWLRQVFDQEHDSSOLFDEOH7KHGHWDLOVRIFRYDULDQFHIXQFWLRQVZHUHVWXGLHGE\1HDO0RUH
+\XQMX-DQJ	-LDQ.DQJ(QHUJ\DQG%XLOGLQJV  doi:10.1016/j.enbuild.2016.03.037 
WKDQWKDWWKHVXLWDEOHYDOXHVRIK\SHUSDUDPHWHUVGHILQLQJFRYDULDQFHIXQFWLRQVLVPRUHSUREOHPDWLF
5DVPXVVHQDQG:LOOLDPV1HDO3ULRUGLVWULEXWLRQVRIK\SHUSDUDPHWHUVDUHUHTXLUHGWR
EH SUHGHILQHG DOWKRXJK WKH YDOXHV DUH RSWLPLVHG GXULQJ WKH SURFHVV ,Q WKLV VWXG\ WKH 6TXDUHG
([SRQHQWLDO6(FRYDULDQFHIXQFWLRQZKLFKKDVEHHQWKHPRVWZLGHO\XVHG5DVPXVVHQDQG:LOOLDPV
ZDVFKRVHQ7KLVFRYDULDQFHIXQFWLRQQHFHVVDULO\UHTXLUHVWZRK\SHUSDUDPHWHUVOHQJWKVFDOH
DQGPDJQLWXGH7KHLQYHUVHRIOHQJWKVFDOHVGHPRQVWUDWHVWKHUHOHYDQFHRILQSXWVLQWKHSURFHVVZKLOH
PDJQLWXGHLQGLFDWHVWKHYDULDQFHVRIXQNQRZQIXQFWLRQYDOXHV1HDO*DXVVLDQGLVWULEXWLRQZDV
DSSOLHGIRUWKHK\SHUSDUDPHWHUVLQWKLVVWXG\  
7KLUGO\ *DXVVLDQ 3URFHVV PRGHOV ZHUH VWUXFWXUHG E\ PXOWLQRPLDO SURELW PRGHOV ZLWK QHVWHG
([SHFWDWLRQ3URSDJDWLRQQHVWHG(3DOJRULWKP5LLKLPDNLWRWDNHLQWRDFFRXQWWKHFODVVHVRI
HQHUJ\FRQVXPSWLRQZLWKIRXUWRVL[SDUDPHWHUVIRUKHDWLQJDQGHOHFWULFLW\FRQVXPSWLRQ&RPSDULQJWR
0&0&QHVWHG(3DOJRULWKPDOVRVKRZHGFRQVLVWHQWUHVXOWVZLWKVPDOOLQDFFXUDF\5LLKLPDNL
EXWPXFKOHVVRSHUDWLQJWLPHZDVUHTXLUHG7KHFDOFXODWLRQVZHUHFRQGXFWHGE\*36WXII9DQKDWDORHW
DOUXQE\0$7/$%D+XQWHWDO&RQWRXUSORWVZHUHXVHGWRGUDZWKHSUHGLFWLYH
SUREDELOLW\7KHUHVXOWVDUHLOOXVWUDWHGLQ6HFWLRQ 
(YDOXDWLQJHVWLPDWHGHQHUJ\FRQVXPSWLRQRISUREDELOLVWLFPRGHOV 
7KHSUHYLRXVVHFWLRQLGHQWLILHGWKHSUREDELOLW\RIHQHUJ\FRQVXPSWLRQDQGWKHSUHYLRXVLGHQWLILFDWLRQ
RIEHKDYLRXUVFRQWUROOLQJKHDWLQJDQGHOHFWULFLW\ZHUHPRGLILHG7KHXSGDWHGUDQGRPEHKDYLRXUVZHUH
HYDOXDWHGWRZKHWKHURUQRWWKHSUHGLFWHGHQHUJ\FRQVXPSWLRQUHIOHFWVWKHYDULDWLRQLQWKHDFWXDOHQHUJ\
FRQVXPSWLRQZLWKUHGXFHGXQFHUWDLQW\  UDQGRPVDPSOHVZHUHFKRVHQZLWKGLIIHUHQWSUREDELOLWLHV
KLJKSUREDELOLW\±DQGWRWDOSUREDELOLW\±7KHLUHVWLPDWHGHQHUJ\FRQVXPSWLRQLV
FRPSDUHGLQ6HFWLRQ 
5HVXOWV 
7KH FRQYHQWLRQDO HQHUJ\ PRGHOOLQJ XVHG IRU KLJKULVH DSDUWPHQW EXLOGLQJV KDV HVWLPDWHG HQHUJ\
FRQVXPSWLRQEDVHGRQWKHVWDQGDUGLVHGFRQGLWLRQVZKLFKDUHSURYLGHGIURPWKHLQWHUQDWLRQDORUQDWLRQDO
JXLGHOLQHV7KHUHIRUH WKHHVWLPDWLRQFRXOGFRQWDLQKLJKOHYHOVRIXQFHUWDLQWLHVZKHQLW LVDSSOLHGWR
VSHFLILFW\SHVRIEXLOGLQJVDQGJURXSVRIRFFXSDQWV7KHPHWKRGRORJ\LQWKLVVWXG\ZDVGHVLJQHGWR
UHGXFHWKHXQFHUWDLQWLHVFDXVHGE\DSSO\LQJWKHVWDQGDUGLVHGFRQGLWLRQVE\LGHQWLI\LQJWKHSUREDELOLW\
RIRFFXSDQWHQHUJ\EHKDYLRXUIURPWKHQDWLRQDOVXUYH\DQGWKHYDULDWLRQLQDFWXDOHQHUJ\FRQVXPSWLRQ
7KXV WKH UHVXOW RI WKH SUREDELOLVWLF PRGHO FDQ EH DGMXVWHG IRU WKH VSHFLILF UHVLGHQW JURXS DQG WKH
FRQGLWLRQVRIDSDUWPHQWEXLOGLQJV7KLVVHFWLRQSUHVHQWVWKHSUREDELOLVWLFPRGHOIRUWKH³QHZ´XUEDQ
PLGGOHFODVVOLYLQJLQROGDSDUWPHQWEXLOGLQJVFRQVWUXFWHGLQWKHVDQGVLQ6HRXO7KHVHFWLRQ
LVGHVLJQHGLQWKUHHSDUWV7KHILUVWSDUWGHVFULEHVWKHDQDO\VLVRIYDULDWLRQLQDFWXDOHQHUJ\FRQVXPSWLRQ
+\XQMX-DQJ	-LDQ.DQJ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LQ6HFWLRQ7KH VHFRQGSDUW LOOXVWUDWHV WKHSUREDELOLW\RI VWDQGDUGLVHG FRQGLWLRQV LQ6HFWLRQ
6SHFLILFDOO\ WKH RSWLPLVDWLRQ RI HVWLPDWHG HQHUJ\ FRQVXPSWLRQ UHJDUGLQJ WKH DFWXDO HQHUJ\
FRQVXPSWLRQ LV LQWHUSUHWHG LQ 6HFWLRQ  DQG WKH UHVXOWV REWDLQHG IURP *DXVVLDQ 3URFHVV
&ODVVLILFDWLRQ DUH VKRZQ LQ 6HFWLRQ  )LQDOO\ WKH HVWLPDWHG HQHUJ\ FRQVXPSWLRQ ZLWK WKH
SUREDELOLW\RIVWDQGDUGLVHGFRQGLWLRQVLVHYDOXDWHGLQ6HFWLRQ 
9DULDWLRQLQDFWXDOHQHUJ\FRQVXPSWLRQLQDSDUWPHQWEXLOGLQJVEXLOWEHWZHHQWKHVDQG
V 
7KHUHVXOWVRIQRUPDOLW\WHVWVGHPRQVWUDWHWKDWWKHFROOHFWHGVDPSOHVDUHQRUPDOO\GLVWULEXWHG)LJXUH
7KHȡYDOXHVLQWKH.ROPRJRURY6PLUQRYWHVWVDUHXQLILHGZLWKLQWKHKHDWLQJDQGHOHFWULFLW\
FRQVXPSWLRQIRUERWKSHULRGV6KDSLUR:LONWHVWVDOVRVKRZWKHȡYDOXHV±ZKLFKDUHQRW
VLJQLILFDQW7KLVPHDQVWKDWWKHQRUPDOLW\RIWKHVDPSOHVFDQEHDFFHSWHG7KH4±4SORWVRIWKHVDPSOHV
VKRZ VOLJKW GHYLDWLRQV IURP WKH QRUPDO GLVWULEXWLRQ DW WKH WDLOV 7KH GHYLDWLRQV DUH LQWHUSUHWHG E\
.XUWRVLVDQG6NHZQHVV7KHODUJHVW.XUWRVLVLVLQWKHHOHFWULFLW\FRQVXPSWLRQLQSHULRG$ZKLOH
WKHJUHDWHVWVNHZQHVVLVIRXQGLQWKHKHDWLQJFRQVXPSWLRQLQSHULRG$+RZHYHUWKHVHGHYLDWLRQVDUH
ZLWKLQ OLPLWVRI.XUWRVLV DQG6NHZQHVV7KHUHIRUH WKH VDPSOHV FDQEH UHJDUGHGDVQRUPDOO\
GLVWULEXWHGZKLFKPHDQVWKDWWKHQXPEHURIVDPSOHVLVODUJHHQRXJKWRUHSUHVHQWWKHLUSRSXODWLRQ 
)LJXUHJLYHVWKHRYHUYLHZRIHQHUJ\FRQVXPSWLRQLQROGKLJKULVHDSDUWPHQWEXLOGLQJVFRQVWUXFWHG
EHWZHHQ WKH V DQG V 7KH DYHUDJH KHDWLQJ HQHUJ\ FRQVXPSWLRQ LQ DSDUWPHQW EXLOGLQJV
FRQVWUXFWHGEHIRUH3HULRG$LVN:KP\HDUZKLOHWKHFRQVXPSWLRQLVUHGXFHGWR
N:KP\HDULQDSDUWPHQWEXLOGLQJVEXLOWEHWZHHQDQG3HULRG%7KHFRPSDULVRQRIWKH
WZR DYHUDJH YDOXHV UHYHDOV WKH VLJQLILFDQW LPSDFWV RI WKHUPDO FRQGLWLRQV RI EXLOGLQJ HQYHORSHV RQ
KHDWLQJFRQVXPSWLRQ+RZHYHUWKHHOHFWULFLW\FRQVXPSWLRQLVVLPLODULQERWKSHULRGV$DQG%ZLWK
N:KP\HDUDQGN:KP\HDUUHVSHFWLYHO\ 
7KHPRUHLQWHUHVWLQJDVSHFWLVWKHYDULDWLRQLQHQHUJ\FRQVXPSWLRQLQHDFKSHULRG)LJXUH+HDWLQJ
FRQVXPSWLRQLVGHYLDWHGN:KP\HDUDPRQJEXLOGLQJVLQSHULRG$ZKLOHDJUHDWHUGHYLDWLRQDERXW
 N:KP\HDU LV LGHQWLILHG LQ SHULRG % )XUWKHUPRUH WKH GLIIHUHQFH EHWZHHQ PLQLPXP DQG
PD[LPXPYDOXHVLQKHDWLQJFRQVXPSWLRQLVN:KP\HDULQSHULRG$DQGLVHQODUJHGWR
N:KP\HDULQSHULRG%7KHUHODWLYHO\ORZHUYDULDWLRQLQSHULRG$FRXOGUHYHDOWKHLUGHVSHUDWHQHHG
RIKHDWLQJGXHWRWKHORZHQHUJ\HIILFLHQWEXLOGLQJFRQGLWLRQV7KHKLJKHUYDULDWLRQLQSHULRG%ZRXOG
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Table 3 Result of multivariate regression analysis 
 Period A (Before 1980) 
 
Period B (1981 ± 1988) 
Unstandardised Coefficients Standardised 
Coefficients 
 (p-value) 
Unstandardised Coefficients Standardised 
Coefficients 
 (p-value) B Std. Error B Std. Error 
 
 
 
Heating 
 
Set temperatures in living room -303.777 16.520  (0.000) -346.219 26.161 -(0.000) 
Heating hours in living room 10.070 0.500 0.587 (0.000) 10.444 0.792 0.526 (0.000) 
Set temperatures in bedroomA 8.669 0.497 0.504 (0.000) 9.347 0.787 0.469 (0.000) 
Set temperatures in bedroomC 5.470 0.495 0.320 (0.000) 5.651 0.784 0.285 (0.000) 
Set temperatures in living room 4.649 0.492 0.271 (0.000) 5.157 0.779 0.260 (0.000) 
 
 
 
 
Electricity 
 
(Constant) 15.134    8.036  (0.000) 16.546 15.921 (0.000) 
Lighting in bedrooms 0.835 0.027 0.527 (0.000) 0.740 0.053 0.475 (0.000) 
Lighting in living room 0.755 0.027 0.475 (0.000) 0.676 0.053 0.433 (0.000) 
Cooling hours in living room 0.729 0.027 0.459 (0.000) 0.597 0.054 0.383 (0.000) 
Operating hours of rice-cooker 0.544 0.027 0.343 (0.000) 0.523 0.054 0.336 (0.000) 
Operating hours of computer  1.079 0.055 0.339 (0.000) 1.028 0.109 0.329 (0.000) 
Cooling hours in bedroom A 0.378 0.027 0.239 (0.000) 0.343 0.054 0.220 (0.000) 
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V±V
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YDULDWLRQUHYHDOVWKDWGHWHUPLQLVWLFYDOXHVRIGHILQLQJW\SLFDOFRQGLWLRQVLQDSDUWPHQWEXLOGLQJVFRXOG
SURYLGH D OLPLWHG LQWHUSUHWDWLRQ RI HQHUJ\ FRQVXPSWLRQ LQ WKHVH EXLOGLQJV7KLV VWXG\ DWWHPSWHG WR
LGHQWLI\WKHSUREDELOLW\LQHQHUJ\FRQVXPSWLRQLQDSDUWPHQWEXLOGLQJVUHJDUGLQJWKHYDULDWLRQLQDFWXDO
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&ODVVLILFDWLRQ7KHXSGDWHGYDOXHVRI LQSXWSDUDPHWHUV UHSUHVHQW WKHSUREDELOLW\RI WKH VWDQGDUGLVHG
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 SUREDELOLW\ RI KHDWLQJ
FRQVXPSWLRQ LV IRUPHGE\ ±& VHW WHPSHUDWXUHV DQG ±RSHUDWLQJKRXUVGHYLDWLRQ LQ
HOHFWULFLW\LVGHULYHGIURP±KRXUVRIUDQJHVLQRSHUDWLRQ&RPSDUHGWRWKHYDOXHVLQFRQYHQWLRQDO
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SUREDELOLW\FRXOGDFKLHYHQHDUO\WKHVWDQGDUGGHYLDWLRQ±
LQUHDOHQHUJ\XVHZKHUHDVVHWVRISDUDPHWHUVLQWRWDOSUREDELOLW\VKRZHGDIDUJUHDWHUGLVWULEXWLRQ
RI HVWLPDWLQJ HQHUJ\ FRQVXPSWLRQ QHDUO\ DERXW WKH PLQLPXP DQG PD[LPXP UDQJHV +HQFH WKH
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RFFXSDQWV¶ JURXSV ZKLFK UHGXFHV XQFHUWDLQWLHV DQG GLVFUHSDQFLHV LQ WKH HVWLPDWLRQ LQ EXLOGLQJ
VLPXODWLRQV ,Q WKH FDVH RI 6RXWK .RUHD WKH JHQHUDO FKDUDFWHULVWLF RI UHVLGHQWV OLYLQJ LQ DSDUWPHQW
EXLOGLQJVLVFRPSULVHGRISDUHQWVZLWKRQHRUWZRRIIVSULQJ%\WDNLQJVRFLRHFRQRPLFIDFWRUVWKHJURXS
RIUHVLGHQWVEHFDPHPRUHVSHFLILF7KHGHYLDWLRQVLQHQHUJ\FRQVXPSWLRQRIWKHUHVLGHQWJURXSOHGWR
UHILQHPRVWRIWKHSRVVLEOHUDQJHRIHQHUJ\EHKDYLRXUV0RUHRYHUWKHJHQHUDOLVDWLRQSURFHVVGUHZWKH
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±UHVSHFWLYHO\,WLVQRWHGWKDWWKHEHKDYLRXUPRGHOGHYHORSHGLQWKLVVWXG\
LVVSHFLILHGIRUUHVLGHQWVOLYLQJLQDSDUWPHQWEXLOGLQJVLQSDUWLFXODUGLVWULFWVLQ6HRXOVRWKDWUHVLGHQWV
LQ D GLIIHUHQW FRQWH[W FRXOG EH GLIILFXOW GXH WR WKH GLIIHUHQW OLIH VW\OHV VXFK DV W\SHV RI GRPHVWLF
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